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INTRODUCTION 


In 1937 De Lamater described crozier formation in a species of Arachniotus, 
this being the first publication of such a phenomenon in the Gymnoascaceae. The 
species with which he was working was very similar to A. aureus. A year earlier 
Hotson, in Seattle, Washington, had described a new species of Arachniotus, A. 

_ tisporus, while also in 1936 Vailionis, at Kaunas, Lithuania, described what he 
" thought was a new species, naming it Gymnoascus sudans. However, when 


Vailionis’ culture reached the Centraalbureau voor Schimmelcultures, at Baarn, 
- Netherlands, it was identified as A. frisporus Hotson. In order to learn whether 
| this species has the same crozier formation as the species of Arachniotus with 
| which De Lamater worked we obtained a subculture of Vailionis’ strain from 
| Baarn. Upon finding that croziers were produced, a cytological study was made 
| of the organism, as well as a study to determine as clearly as possible its systematic 

position and its true identity. The results are recorded in the present paper. 


HISTORY 


a The genus Arachniotus was created by Schroeter in 1893 to include three 
species, A. ruber, A. candidus, and A. aureus, the first having been described by 
Van Tieghem in 1877 as Gymnoascus ruber and the other two by Eidam in 1886 
as G. candidus and G. aureus. Schroeter described this new genus as having a 
globose fruit-body with spherical or ellipsoidal spores, the membranes of which 
are hyaline, golden, or red. The peridium, the characteristics of which separate 

| this genus from G-ymnoascus, is composed of uniform hyphae interwoven so as to 

| form a web-like membrane. 


1 An investigation carried out in the graduate laboratory of the Henry Shaw School of Botany 
of Washington University and submitted as a thesis in partial fulfillment of the requirements for 
the degree of master of science in the Henry Shaw School of Botany of Washington University. 


(173) 
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Van Tieghem (’77) found A. ruber on the dung of the rat and dog. Schroeter 
(93) reported finding it on the dung of the dog and goat at Breslau, Germany, 
and since then it has been found (Massee and Salmon, ’02) on cat’s dung from 
Aburi, Gold Coast of Africa. This species differs from the others in having an 
orange-red or red fruit-body. 

Eidam (86) first found A. candidus in Breslau on boiled rice on which he 
was cultivating Aspergillus fumigatus. Schroeter (’93) reported it upon owl’s dung 
in Brieg, Germany. It has also been found (Massee and Salmon, ’02) on an old nest 
of a wild bee and on dung of the common roe, both at Kew, England. The 
persistent snow-white fruit body and the smooth ascospores are its chief char- 
acteristics. 

Eidam makes no mention of where he found A. aureus, but reports that he 
repeatedly cultivated it on bread and paper. Schroeter (’93), however, states it 
was found on decaying vegetables. According to him, it differs from A. candidus 
chiefly by its golden-yellow, minutely spiny ascospores. Another important char- 
acteristic is the presence of hyphae in the form of hue spirals. 

Massee and Salmon (’02) described a new species, A. citrinus, found on the 
dung of the giant kangaroo in Kew, England. This species resembles A. aureys 
to a great extent, but the color is lemon-yellow rather than golden-yellow, and its 
ascospores are smooth rather than rough. 

Shear, in 1902, described a new species which he called A. trachyspermus, as- 
sociated with diseased cranberries in New Jersey. Like A. candidus, it has a 
white peridium, but its ascospores are echinulate-roughened and show a faint 
greenish-yellow tint. 

In 1936 Hotson found A. ¢frisporus in contaminated milk, and Vailionis found 
the same species (his Gymnoascus sudans) as a contamination in a nutrient solu- 
tion in which he was growing some small branches of birch. According to Hotson, 
A. trisporus differs from other species of genus in the size of the fruit-body, the 
smooth ascospores, and the three types of spores in its life cycle—ascospores, 
conidiospores, and chlamydospores. Although the fruit-body is smaller than 
that reported for A. candidus, the two species are very similar, both having smooth 
ascospores and three types of spores in their life cycle. 


MATERIALS AND METHODS 


As has been stated, we obtained Vailionis’ strain of Arachniotus trisporus Hot- 
son from the Centraalbureau voor Schimmelcultures, Baarn, Netherlands, in order 
to compare it with a known species. This known species was obtained from 
De Lamater, being a subculture of one which he had received from Baarn and 
identified by Nannizzi as A. aureus. Also, a culture was received from Hotson 
of his strain of A. trisporus. 

For general study of the organism, slides were made with Maneval’s lacto- 
phenol (Maneval, ’36) every two or three hours after germination until the time 
that the ascospores were fully developed from both agar and broth media. For 
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cytological studies the organism was imbedded in paraffin and stained with 
Haidenhain’s iron-haematoxylin. 

For cytological study agar slants in test-tubes proved to be the most adaptable 
of media. By inoculating many tubes at the same time with spores suspended in 
sterile distilled water and making slides with lacto-phenol of one tube at regular 
intervals, it was possible to determine whether the culture was in the desired 
phase. Killing was accomplished very easily by pouring Gilson’s fluid into the 
test-tube. Flemming’s weaker solution was also used, but was not nearly so good 
as Gilson’s for this type of material. The tube containing the fixed material was 
placed in a water bath into which tap-water was continuously running. The 
agar slant was removed afterward by gently shaking. 

The following schedule was followed for dehydrating: 


Gilson’s fluid 


24—48 hrs. 








Washing 





5, 10, 20, 35, 50, 70% alcohol 
85% alcohol containing a few drops of iodine* 


24 hrs. 
30 min. each 
2 hrs. 





95% alcohol 


30 min. 





100% alcohol 


Overnight 





5, 15, 25, 50, 759% xylol in absolute alcohol 


30 min. each 








100% xylol 
Imbedded in paraffin 3 days 
Sections of 10 mw thickness were quite satisfactory. 


The following schedule was followed for staining: 


100, 66, 33% xylol 


Overnight 


5 min. each 





100, 95, 85, 70, 50, 35% alcohol 


5 min. each 





Wash 10 times over a period of 20 minutes 
4% iron alum 


2 hrs. 





Wash as before 





¥% or %9% haematoxylin 
Differentiate in 4% iron alum 


Overnight 
1-2 mins. 





(5 seconds makes a difference) 
Wash as before 
35, 50, 70, 85, 95, 100% alcohol 


5 min. each 





50, 100% xylol 


5 min. each 





Mount in balsam 


Sections were usually counterstained overnight in safranin, erythrosin, or 
phloxine, dissolved in 50, 70, and 95 per cent alcohol, respectively. A .01 per 
cent solution of fast green was dissolved in absolute alcohol, and the material 
immersed in this for one minute only. Germination of spores was studied from 
slides made with lacto-phenol from spore dilutions at various intervals. For 
colony studies Petri dishes were inoculated with single spore cultures obtained 
from making dilution plates of spores. These were incubated, and the colonies 
measured at regular intervals. 


THE ORGANISM 


Germination of spores ——The spores of A. trisporus germinate usually between 
24 and 36 hours after inoculation. The chlamydospores seem to germinate more 


1 Just enough iodine to color is added to prevent precipitation of the mercuric chloride in the 
material (Kingsbury and Johannsen, ’27). 
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readily than conidia or ascospores. In the process of germination the spore swells 
to about twice its normal size and at the same time one end of the wall becomes 
very thin. Soon the wall breaks and the germ-tube appears (pl. 2, fig. 21a, b, f, g). 
In the ascospore, the tube is produced almost invariably at either of the narrow 
ends (fig. 21g), and in the chlamydospore at either the blunt or apical end 
(fig. 21b). When the spore has more than two germ-tubes, they are produced 
opposite each other as is shown in fig. 21d. The germ-tube, upon lengthening, 
begins to branch (fig. 21e), but it is still non-septate, except for one septum laid 
down close to the original spore. After 8 to 10 hours, these branches usually 
produce immature chlamydospores and conidia which are soon cut off by septa. 

Vegetative mycelium.—As Vailionis (’36) has already reported, this organism 
forms two layers when grown in a liquid nutrient medium, the lower layer being 
the vegetative mycelium, and the upper the reproductive mycelium. The lower 
layer is usually imbedded in the medium, whether the latter be a liquid or a solid. 
If the inoculum is a spore dilution the spores germinate in the liquid and grow 
immersed for about 72 hours (measuring from the time of inoculation). At 
about this time the mycelium rises to a position just below the surface where it 
begins to produce a white compact but fluffy upper layer. The time for the pro- 
duction of this layer varies according to the type of inoculum and the nutrients 
employed in the medium. If the inoculum is a bit of mycelium, the latter usually 
floats on the surface, producing the two layers simultaneously. No general state- 
ment can be made concerning the nutrients or percentage of nutrients most 
favorable to growth except that there is great variation. In a solid medium, both 
layers develop simultaneously, but it is to be noted that the lower layer does not 
develop as extensively as in a liquid medium, probably due to a lower oxygen 
tension. 

The lower layer consists of simply branched hyphae. The length of the cells 
may vary, roughly, between 10 and 40 p, but most frequently between 15 and 
20 p. Vailionis found that the length was about 44 ». The width of hyphae 
seems to be more constant than the length. This is usually between 1.0 and 3 p, 
although Vailionis found it to be 7.94. The thickness of the hyphae does not 
necessarily decrease with increase in length. Usually hyphae that increase in 
length also increase in width and vice versa. 

The very young hyphae, i. e., those at 36 to 49 hours (from the time of 
inoculation), are densely filled with cytoplasm. Vacuoles appear at about 48 
hours (pl. 1, fig. 1). Septa, however, usually appear before vacuoles, which be- 
come larger and more distinct in ten hours (fig. 2). At about 70 hours more 
vacuoles have appeared, but they are smaller than previous ones (fig. 3). By 80 
hours (fig. 4), the cells have become so vacuolate that the cytoplasm appears to 
be a fine net and septa are very hard to distinguish although they are most likely 
still present. In ten more hours the fine reticulation of the cells has been re- 
placed by a very loose network (fig. 5). By the time that ascospores are fully 
formed, 144 hours, these cells are dead. It can then be said that the vegetative 
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hyphae pass gradually from a state of dense cytoplasm with definite vacuoles to 
one of little cytoplasm with indefinite vacuoles. 

When the culture is from one to two weeks old, an exudate is produced on 
top of the mycelium, in the form of small colorless droplets which collect later 
to form large yellow drops. Vailionis noted this exudate and thought it ap- 
propriate to name his new species Gymnoascus sudans. From observing the 
condition of old hyphae and the production of this exudate, the writer has con- 
cluded that the latter comes from the vacuoles after the disintegration of old 
hyphae. De Lamater observed hyphal fusions in his species of Arachniotus, but no 
such phenomenon has been observed in A. trisporus. 

The vegetative cells are always multinucleate. There does not seem to be any 
definite number, order, or arrangement (pl. 1, figs. 8-12). Even the size of the 
nuclei varies as is illustrated. Sometimes it appears, especially in hyphae 48 to 
72 hours old, that the nuclei are paired and surrounded by a definite vacuole, but 
there are so many exceptions that it cannot be said to be a general rule. The 
writer has not observed any division of nuclei or mitotic figures in the vegetative 
cells. The nuclei of these hyphae degenerate with the cytoplasm of the cells as is 
illustrated in pl. 1, fig. 12. 


Racquet mycelium.—Racquet mycelium is found in this-species as in other 
species of Arachniotus. The cells composing this mycelium are greatly swollen 
at one end, appearing as clubs attached end to end (pl. 2, figs. 13, 14). They 
may be greatly distorted as in fig. 13 or hardly discernible from the rest of the 
hyphae. Hotson (’36) believes that these cells may be food-storage organs. 
Vailionis (36) noted them as a characteristic of his species but did not suggest 
any particular function for them. Nannizzi (’26) pointed out the relationship 
of the Dermatophytes with Arachniotus candidus and with other closely related 
genera through the presence of this racquet mycelium, as well as other character- 
istics. 

The writer has noted racquet mycelium on all types of nutrients, both solid 
and liquid. The three cultures of Arachniotus were grown on a medium consist- 
ing of agar and distilled water in order to see if this type of hypha was produced. 
It did not appear in either Vailionis’ or Hotson’s strain of Arachniotus trisporus. 
A few club-shaped cells, however, were observed in Nannizzi’s culture, which 
would seem to indicate that this type of mycelium has nothing to do with food 
storage as Hotson thought. 

Some cells are comparatively short (20 ») for their width while some may be 
as long as 60 to 70 pw. Generally, the width varies between 8 and 20 p. The 
swelling is usually greater on one side than on the other, and one end is always 
more densely filled with cytoplasm than the other. Sometimes the cytoplasm 
shrinks away from the cell wall, causing the latter to wrinkle (pl. 2, fig. 14). 
Since the racquet mycelium is purely vegetative, it degenerates during the sexual 
development and is hardly discernible when the ascospores are mature. It can be 
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concluded from these observations that a racquet mycelium is characteristic of 
the three strains of Arachniotus studied. 


Chlamydospores.—The chlamydospores are produced in the upper part of the 
vegetative layer, as Vailionis (’36) indicates, terminating the ends of short 
branches. Vailionis reports that they are 8.8 mw in diameter, but the writer has 
found that not only do they vary in size but also that they are generally pyriform. 
The width may range from 4.4 to 8.7 mw, but most often from 6 to 8 pw. The 
length may be as little as 4.4 » and as much as 11.6 p, but 8 to 10 p covers the 
range in which most of them are found. 

The chlamydospore is the first spore to make its appearance in the development 
of A. ftrisporus, beginning to form almost immediately after the germ-tube has 
lengthened. Each one is produced on the end of a short branch consisting of one 
cell, which increases in length as the spore matures (pl. 2, fig. 15). Sometimes, 
this branch may produce another side-branch below the spore, in which case a 
cell wall is laid down between the spore and the side branch, The immature 
spores are non-vacuolate, but as they mature a vacuole makes its appearance 
(fig. 15b), followed by others. At this time if conditions are favorable (42 to 
69 hours) the chlamydospores, instead of forming a heavy cell wall, form an 
extension of protoplasm at the apical end of the spore (pl. 2, fig. 17). This new 
growth, a continuation of the hypha on the other end of the cell, results in an 
intercalary chlamydospore, already noted by Vailionis. It is not uncommon to 
see that the chlamydospore has sprouted in two places (fig. 16). The hypha 
produced in such a manner is normal in all respects and may grow to a great 
length. Sometimes two chlamydospores are found on the same branchi separated 
by only one cell. The occurrence of such a hypha can be explained by the fact 
that it was produced from the lower chlamydospore and that it in turn produced 
the terminal chlamydospore. 

The several vacuoles in the chlamydospores fuse to form a central one after 
about 72 hours. The cell wall also begins to thicken at this time (pl. 2, fig. 18). 
The spore now has usually reached its maximum size and may remain at this size 
or shrink slightly. As the cell wall becomes thicker, the spore assumes a color 
between a cream and a cartridge-buff, and may round up as is shown in fig. 19b. 
The hypha slowly disintegrates, leaving the chlamydospore free. 

An examination of the cultures stained with haematoxylin shows that the 
spores are multinucleate. The number of nuclei is indefinite, and it may vary as 
much as do those in the cells of the hyphae. The nuclei are situated in the 
cytoplasm close to the cell wall (pl. 2, fig. 20). 

It is evident that the chlamydospores in this organism are produced as an 
insurance against unfavorable conditions, since they occur only at the beginning 
of the life cycle and since a large umber are produced especially under unfavorable 
conditions. Hotson (’36) found that the chlamydospores were the only ones to 
germinate after a period of time. He discovered, in 1925, that it was possible to 
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obtain transfers from cultures eight years old. By use of Van Teighem cells, he 
found that the only spores which germinated were chlamydospores. In 1936, he 
obtained the same results, the original culture being then twenty years old. It 
has not been possible to test Vailionis’ culture but most likely, since the two 
cultures are quite similar, the results would be the same. 


Conidia.—Conidia soon appear in the upper or reproductive layer, after 
chlamydospores have already begun to form. They are cut off exogenously from 
a phialide in a manner very similar to that in which conidia are cut off in Asper- 
gillus (Thom and Church, ’26) and in Penicillium (Thom, ’30). The phialide 
is bottle-shaped with a long narrow neck. When a conidium begins to form the 
apex of the neck swells into a small pyriform, hyaline spore. This is cut off by a 
cell wall but remains attached to the phialide by the thin and almost invisible 
cell wall of the latter (pl. 3, fig. 23). A second conidium is formed below the 
first, and a third below the second, etc., making the first conidium the terminal 
cell. After the spore has been cut off from the phialide, it continues to grow so 
that the terminal one is the largest and the others are relatively smaller. The 
spores are at first densely filled with cytoplasm but as they age a vacuole appears 
which usually occupies most of the cell (fig. 25). Upon aging the conidium, 
unlike the chlamydospore, does not secrete a heavy wall but assumes the color of 
the chlamydospore. The writer’s conclusion is that the color of old cultures is 
due to the color of conidia and of chlamydospores as well as the exudate. 

The phialides usually arise in pairs from a cell which may come directly from 
the vegetative hypha (pl. 3, fig. 27b), or a specialized branch which bears other 
cells of this type (fig. 27a). Branching is usually dichotomous. This type of 
conidiophore is strikingly similar to some of those which are produced in 
Penicillium. A comparison of these illustrations with those of Thom (’30) bears 
out this point. Vacuolation of phialides is relatively constant, and the same for 
the three strains studied (fig. 23). 

The size of conidia is not a constant character, nor could it be considered one 
as it depends upon their place in the chain, as has already been noted. They may 
be from 1.5 to 7.3 w in length and from 0.7 to 4.4 » in width, but those most 
commonly observed were 1.5 to 1.9 w in width and 2.2 to 3.1 pm in length. 
Vailionis found them to be 5.3 » in length and 4.4 p in width. 

Vailionis reports that conidia are produced under favorable conditions, but the 
writer has found that usually they are produced in abundance on agar in which 
there is no nutrient. They appear in about 18 hours after spore germination and 
are present in cultures thereafter. Figure 22 of pl. 3 shows a branch of a hypha 
developing into phialides. Conidia, however, are produced in abundance until 
copulation begins, a period of 24 hours in normal cultures. Phialides are less in 
evidence after 78 hours and have disappeared by the time of ascus formation. 
It is interesting to note that some of the phialides, after producing the spores, 
proliferate as a regular hypha (fig. 25). This phenomenon has occurred in 
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Sterigmatocystis auricoma described by Guegten (’99) and noted by Thom and 
Church (’26). In this species the secondary sterigmata developed into short 
hyphae. 

An unusual type of phialide and conidium was found on A. frisporus produced 
on oat-meal agar between 60 and 69 hours after inoculation. It occurred only 
once, and attempts to achieve the same results again were unsuccessful. The 
phialides were grouped together in such a fashion that from three to five appeared 
to have arisen from the end of a hypha (pl. 3, fig. 24). Closer inspection showed 
that the cells supporting the phialides were much reduced, appearing somewhat as 
in Penicillium sect. Monoverticillata. Adjacent to these unusual structures was 
found the common type of conidia as shown in fig. 27. The conidia were much 
smaller than the ordinary, being 1.3 p» in length. 

It is difficult to determine the number of nuclei in one conidium. The writer 
has seen spores stained with haematoxylin that show both one and two nuclei in 
the cell (pl. 3, fig. 26). Whether this is the true state or not could not be 
determined. It is possible that one nucleus in the apparently uninucleate cells 
did not stain or that one “nucleus” in the binucleate cells was an artifact. 

It is evident from this study that the production of conidia greatly facilitates 
the spread of this fungus. They are produced in great abundance around the 
margins of colonies upon aerial hyphae. Theoretically, by this means of re- 
production the colony produced from a single spore has the potentiality of con- 
tinuing growth so long as there is a suitable substratum. The writer has noticed 
this production of conidia both in a liquid and solid medium. 


SEXUAL REPRODUCTION 


As the production of conidia declines, sexual reproduction begins. The colony 
continues reproducing asexually around its margins, while in the center the 
sexual phase develops. Both Nannizzi (26) and De Lamater (’37) noted a color 
change in the mycelium of their species upon the advent of the sexual phase, but 
we found that A. trisporus remains pure white as before. De Lamater also noted 
that cultures kept in the dark fruit most readily. To test this, six tubes of 
Sabouraud’s agar were inoculated with spores of A. trisporus, three placed in the 
dark and three in the light, and all incubated at approximately the same tempera- 
ture. It was found that the three in the light developed hyphae from 24 to 48 
hours later than those in the dark. After the spores had germinated in the light- 
exposed tubes, sexuality developed in the normal length of time. 


Copulation branches.—The first signs of sexuality are the production of the 
copulation branches (pl. 4, fig. 28). Baranetzky (’72), who first described 
Gymnoascus Reessii in any detail, a species very similar in development to 
Arachniotus trisporus, designated the male copulation branch as the “sterile cell” 
and the female as the “ascogene,” the latter term from the fact that the branch 
develops ascogenous hyphae. These arise close to one another, evidently from 
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vegetative hyphae, but unlike them, are densely filled with cytoplasm. These two 
copulation branches are not identical in appearance, as were those De Lamater 
found in his species of Arachniotus, but are easily distinguishable by certain 
characters: (1) The female copulation branch is always longer than the male; 
(2) it usually becomes septate but the septation is not always evident; (3) the 
female or terminal cell, which stains very dark, is produced on the end of a fairly 
long branch (figs. 28b, d, f, and h), while the male cell, which stains just as 
dark, is produced as a short subterminal branch (figs. 28a, c, e, g). Frequently 
the male and female copulation branches arise adjacent to each other on the 
same hypha (fig. 28f and g) but they may be formed separately. Dale (’03) and 
De Lamater (’37) report the same conditions. Dale, who was working with 
Arachniotus candidus, states that the male branch is first formed and that the 
female grows around it afterward. In A. ¢risporus, however, the two copulation 
branches arise simultaneously (figs. 28f, g). 


Copulation and fertilization The immature copulation branches are not cut 
off by a septum from the hypha (pl. 4, figs. 28e, f, g). At this time the male 
and female copulation branches begin to attract each other. Since the female 
branch is much longer than the male, it is able to draw or to grow towards a male 
branch and begin to coil around it (fig. 29), whereas the short male branch must 
remain in its original position. De Lamater states that in his species the two sim- 
ilar branches lying adjacent to each other elongate, swell, and coil up together. It 
seems that where the two copulation branches are borne close together on the 
same hypha (figs. 28f, g, and fig. 32) the tendency is for them to repel one 
another and be attracted by the opposite sex on another hypha. A septum now 
appears on both branches separating the cells containing the female and male 
nuclei from the rest of the hyphae (fig. 30). The female copulation branch 
which has already begun to encircle the male branch forms a tight coil of two or 
three turns (figs. 30, 31). Several septa have now appeared on the female branch, 
all formed below the first one (fig. 30). The terminal cell elongates but does not 
divide. It is this cell which lies adjacent to the male branch in the coil. The male 
branch elongates but remains unicellular (figs. 31-33). Both the terminal male 
and female cells are multinucleate (text-figs. 1-3). 

Although the writer has not seen the actual movement of the male nuclei to 
the female branch, she is certain that this must occur. As has been stated, the 
male copulation cell contains many nuclei which are spaced irregularly. The 
terminal cell of the female branch is also multinucleate but the nuclei are spaced 
evenly. Some time later, after the tip of the female branch has come in contact 
with the male cell (pl. 4, fig. 31), it is found that there are pairs of nuclei evenly 
spaced in the female branch and that the male branch contains either few or no 
nuclei. From these observations the writer concludes that the male nuclei migrate 
into the female branch and pair with the female nuclei. 

In this species, copulation and fertilization are much as reported by Dale 
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Text-fig. 1. Male copulation branch. Fig. 2. Female branch. Fig. 3. The two branches be- 
fore plasmogamy, and fig. 4, after plasmogamy. Figs. 5 and 6. Septa appearing after nuclei pair 
in the female branch. Fig. 7. Croziers forming and nuclei migrating into one. Fig. 8. Crozier 
after nuclei divide and septa are formed. Fig. 9. Beginning of first ascus after fusion of nuclei. 
Fig. 10. Another crozier forming from fusion of nucleus in tip and stem of crook; note also 
growth of first ascus. Fig. 11. Third crozier forming from the second, ascus of the second develop- 
ing, and first divisions of nuclei in first ascus. Fig. 12. Mature ascus showing 6 of the 8 asco- 
spores. 
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(03) for A. candidus. She found that both copulation branches were multi- 
nucleate, while De Lamater, working with the species related to A. aureus, main- 
tained that they were uninucleate. Both authors agree that a septum separates 
each copulation branch from the main hypha before fusion of the branches. De 
Lamater claims that fusion of the two nuclei may occur now or at a much later 
time, while Dale makes no observations on nuclear fusion. 


Formation of croziers—Soon after fusion of the two copulation branches and 
the pairing of the nuclei, bulges appear at more or less regular intervals on the 
outside of the copulation branch, one to each cell (pl. 4, figs. 34-36). These 
develop into croziers (fig. 37). The two nuclei migrate into the crozier hook 
and divide in the usual manner (text-fig. 7). Two septa then appear, one cutting 
off the tip and the other separating the crozier from the female copulation branch 
(pl. 4, fig. 38, text-fig. 8). The crozier now contains one nucleus at the tip, two 
at the middle, and one in the main cell. A bulge appears on the outside of the cell 
containing two nuclei. The nuclei fuse and move into this extension of proto- 
plasm which is the beginning of the ascus (text-fig. 9). 

Each cell of the female branch produces more than one crozier in much the 
same manner as described by Claussen (712) for Pyronema confluens. As the two 
nuclei in the bend of the hook are fusing the tip of the hook comes in contact 
with the base and plasmogamy occurs (text-figs. 9, 10). After the fusion of 
these cells, a crozier is formed into which the nuclei move and divide. Another 
ascus is now formed, and the process is repeated (text-fig. 11). 

De Lamater was the first to describe the formation of croziers in any species 
of Arachniotus. Upon referring to Dale’s paper (’03), he found that she had 
noted the occurrence of “short thick hyphae, which branch repeatedly, and form 
around the coil a dense mat of ascogenous hyphae.” From her illustrations, the 
“short thick hyphae” are evidently croziers. As croziers occur in A. trisporus, it 
is probable that they are characteristic of this genus. 


Ascus formation.—The young uninucleate ascus at first may grow more in 
length than in width, or it may grow uniformly on all sides. In any case a 
vacuole appears when the ascus is quite small and enlarges as the ascus does. 
When almost mature the nucleus, which is situated at the end of the ascus, 
divides. One daughter nucleus usually migrates to the end of the ascus and the 
other toward the pedicel. The two nuclei divide perpendicular to the axis of the 
first division; then these four divide, producing eight nuclei. Cell walls soon 
appear cutting each nucleus off from the others and forming the ascospores. The 
vacuole begins to disappear about the time of the second division and is soon lost. 
The ascus wall is very thin and after the formation of the spores gradually dis- 
appears. However, the spores usually adhere together for a long time (pl. 5, 
fig. 2). The formation of the ascus, particularly as regards the vacuole and the 
division of the nucleus, according to Dale (’03) and DeLamater (’37), corre- 
sponds to that found in A. trisporus. 
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CULTURAL REQUIREMENTS 


Arachniotus trisporus grows well upon most liquid or solid media employed 
for the cultivation of fungi. The solid media found to be successful were: 
Sabouraud’s, potato-dextrose, oat-meal, prune, and Vailionis’ agar, as well as 
potato slants. The species also grew upon corn-meal agar, nutrient gelatin (which 
it did not liquefy), moist sterile feathers, but not as well on these three media as 
on those first listed. The most successful liquid media were composed of 1 per 
cent Bacto-peptone and 2 per cent d-glucose or sucrose. Some growth was also 
produced on 1 per cent Bacto-peptone and 2 per cent lactose medium. 

The following is a “time table” of the development of this organism from the 
time of inoculation as it occurred upon Sabouraud’s, potato-dextrose, and oat-meal 
agar media. It was used as a standard to compare the development of the organism 
upon other media. 























Germination of spores 36—44 hrs. 
Production of chlamydospores 42 hrs. 

Production of conidia : 45 hrs. 

Production of copulation branches 66-82 hrs. 
Copulation 69-100 hrs. 
Formation of croziers 88-124 hrs. 
Appearance of asci 104-124 hrs. 
Mature ascospores 124-154 hrs. 





A series of experiments was carried on to determine the effect of various per- 
centages of carbohydrate and peptone upon the growth and structures produced. 
As a control, the regular 4 per cent d-glucose Sabouraud’s agar was employed. 
The variations with 2 per cent agar were in each case as follows: 


“A” medium—2% d-glucose, 1% peptone. “D” medium—2% d-glucose, %9% peptone. 
“B” medium—1% d-glucose, 1% peptone. “E” medium—%% d-glucose, .2% peptone. 
“C” medium—%% d-glucose, 1% peptone. 


Slides were made from each of these cultures at 51, 54, 57, 60, 63, 66, 69, 
81, 99, 123, and 144 hours after inoculation with lacto-phenol. No variation 
occurred in structure and amount of chlamydospores, copulation branches, and 
ascospores which might not occur in the same culture in the same time. The only 
variation was in Sabouraud’s and “A” medium, which at 51 hours had fewer 
conidia than the others. From these results, it can be concluded that different 
percentages of d-glucose and peptone had little or no effect upon the size, form, 
and time of production of the various structures of this organism. 

The same percentages of d-glucose and peptone were again employed, without 
agar, in a liquid medium. The results here are not very reliable because it is 
difficult to secure a representative portion of one colony in a flask which will 
correspond to another in another flask. This becomes more and more difficult 
as the colony increases in size. In making slides as before it was found that at 
46 hours, chlamydospores are always produced before conidia. Copulation 
branches are not produced until at least 96 hours. Croziers appeared at about 
144 hours, and mature ascospores were not seen until 200 or more hours. Sum- 
marizing these results, it can be said that broth cultures of A. trisporus generally 
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develop more slowly than agar cultures, and also that, for study, agar cultures 
are much more adaptable than broth cultures. 

Since the cultures developed with equal rapidity regardless of the concentra- 
tion of nutrients, the organism was inoculated on agar containing only d-glucose 
and on agar containing only Bacto-peptone. The chlamydospores on the d- 
glucose medium were at first (51 hours) much smaller than usual, being 4.4 to 
5.8 » in diameter. By 67 hours they had become thick-walled, which is also un- 
usual. The ordinary swollen hyphae were evident, but some of the regular hyphae 
were greatly enlarged. Conidia were as usual. Copulation branches appeared at 
90 hours and mature ascospores at 144, which is not unusual. On the peptone 
media an abundance of conidia was produced throughout the time the slides were 
made. Chlamydospores were produced but always on very short branches. 
At 114 hours copulation was observed, but the next two slides, 138 and 
152 hours, showed no sexual reproduction at all. It is evident that more work is 
needed on this problem before any very definite conclusions can be reached. A 
combination of the two is necessary for normal growth. 

Experiments were run to determine the optimum pH. D-glucose, sucrose, 
and lactose broths were used, and each medium adjusted to pH 6.4, 7.0, and 7.6 
as nearly as possible. After the organism had reached maturity, growth was 
recorded and the pH determined. It was found that growth was good at pH 
6.4 and 7.0, and that usually the pH was changed to 6.0 or below. Growth was 
usually poor at 7.6, and no change of pH was observed. 

Upon incubating 18 Petri-dish cultures of A. trisporus on Sabouraud’s agar, 
6 at 24° C., 6 at 30°, and 6 at 35°, the optimum temperature for colony growth 
was found to be be between 30° and 35° C. Cultures inoculated at the same time 
were again placed in the 30° C. incubator, which ranged from 29° to 31°, and 
the 35° C. incubator ranging from 33° to 37°. Measured over a period of 70 
hours, growth at the lower temperature was spreading and flat, while at the higher 
temperature an abundance of aerial mycelium as well as concentric rings resulted. 
Those cultures at 30° C. were 0.4 cm. larger than those at 35° C. It can be 


concluded, then, that the optimum temperature is between 30° and 35° C., most 
likely 33° C, 


PATHOGENICITY 


The writer, upon accidentally pricking her finger with a contaminated 
needle, found that after 48 hours a small vesicle appeared. To confirm the sus- 
picion that this was caused by A. frisporus, with aseptic precautions she inoculated 
a portion of the skin of the arm with spores of this organism. After a period 
of 48 hours it was evident that the fungus was maintaining itself satisfactorily 
enough to exist but not to grow to any extent. A small raised slightly inflamed 
spot on the arm was the only indication of the organism. At the end of three 
weeks, the lesion was opened aseptically, and some of the tissue placed upon a 
sterile Sabouraud’s agar plate. Within 48 hours, the organism germinated and 
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grew as usual. The experimental lesions healed spontaneously in about a week. 
This is the first record of the pathogenicity of any species of Arachniotus, to the 
writer’s knowledge. It is interesting to note that it is possible for this fungus to 
live pathogenetically, and that it certainly causes no serious harm. 


IDENTIFICATION 


There is no doubt that the species in question is a member of the genus 
Arachniotus. It possesses the characteristics which Schroeter (’93) lists for the 
genus, namely, a globose fruit-body of interwoven hyphae resembling a spider 
web, and spherical or ellipsoidal spores, the membranes of which are either hyaline, 
golden, or red. It cannot be placed in closely related genera, such as Gymnoascus, 
because of the absence of spines on the hyphae of the peridium, nor in Ameuro- 
ascus, because of the brown peridium, nor in Ctenomyces, because of the well- 
developed peridium and the comb-like appendages. Plate 5, fig. 2, illustrates the 
loose non-appendaged peridium of A. tris porus. 

In determining the true species, the characteristics of all species known will 
be listed. They are as follows: 

ARACHNIOTUS RUBER Schroet. in Cohn, Krypt. Fl. Schles. 37:211. 1893. 

Gymnoascus ruber Van Tiegh., Bull. Soc. Bot. France 24:159. 1877. 

Fruit-body orange-red or red, 0.5 mm. in diameter at the most; ascospores 
orange-red or red, 4.5 x 3.5 mw; only 6 to 20 asci per perithecium, fewer than in 
other species. Isolated from dung of dog, rat and goat at Breslau; from cat’s 
dung, Aburi, Gold Coast. 

ARACHNIOTUs CANDiDUs Schroet. in Cohn, Krypt. Fl. Schles. 37:210. 1893. 

Gymnoascus candidus Eidam, Schles. Ges. Vaterl. Kultur, Ber. Bot. Sect. 
160-165. 1886. 

Fruit-body snow-white, globose, 0.5-2 mm. in diam.; ascospores hyaline, 
ellipsoidal, smooth, 3.5 x 3 yw; conidia pyriform, in chains (fide Schroeter, none 
reported by Eidam, probably the oidia of Dale and aleurospores of Nannizzi). 
Isolated from boiled rice, owl’s dung in Brieg, old nest of wild bee and dung of 
common roe at Kew, England. 

ARACHNIOTUS AUREUS Schroet. in Cohn, Krypt. Fl. Schles. 37:210. 1893. 

Gymnoascus aureus Eidam, Schles. Ges. Vaterl. Kultur, Ber. Bot. Sect. 
160-165. 1886. 

Fruit-body golden-yellow, 0.5—1 mm. in diam.; with fine hyphal spirals in the 
peridium; ascospores golden-yellow, spherical to ellipsoidal, spiny, 3.5—4.0 » in 
diam.; conidia not reported by Schroeter, aleurospores by Nannizzi. Isolated from 
decaying vegetables. 

ARACHNIOTUS CITRINUS Massee & Salm., Ann. Bot. 16:62. 1902. 

Fruit-body lemon-yellow; ascospores ovoid to subglobose, smooth, 4—5 x 2.5-3.5 
#3 conidia not reported. Isolated from dung of giant kangaroo, Kew, England. 

ARACHNIOTUS TRACHYSPERMUS Shear, Science, N.S. 16:138. 1902. 

Fruit-body white; ascospores faintly greenish-yellow, echinulate, 3.25-4.0 x 
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2.0-2.5 m3; conidia resembling those of Penicillium. Isolated from diseased cran- 
berries. 

ARACHNIOTUS TRISPORUS Hotson, Mycologia 28:497-500. 1936. 

Fruit-body white, turning yellowish with age, 160-326 p» in diam.; asci 
ellipsoidal to spherical, 7-9 x 10-11 yp; ascospores hyaline, ellipsoidal, smooth, 
3.5 x 5.5 pw; conidia hyaline, ellipsoidal, 3.5-4.5 x 4.5-5.5 a; chlamydospores sub- 
spherical to pyriform, 6-7 x 7-11 yp. Isolated from contaminated milk. 

GyMNoascuUS SUDANS Vailionis, Vyt. Didziojo Univ. Mat.-Gamtos. Fak. 
Darbai 11:119. 1936. 

Fruit-body white; asci spherical to pyriform, 13.2 m in diam.; ascospores 
hyaline, ellipsoidal, smooth, 8.8 x 6.6 ~; conidia hyaline, ellipsoidal, 5.3 x 4.4 p; 
chlamydospores spherical to pyriform, hyaline, 8.8 ». Isolated from a nutrient 
solution in which birch twigs were being cultivated. 

GYMNOASCUS SUDANS Vailionis (description based on subculture of Vailionis’ 
original culture). 


Fruit-body white turning to cartridge-buff upon aging, size variable; asci 
ellipsoidal to spherical, 7.3-7.5 x 10.2-10.6 4; ascospores hyaline, ellipsoid, smooth, 
3.1-3.3 x 4.3-4.6 m; conidia hyaline to cartridge-buff, pyriform, 1.5-1.9 x 
2.2-3.1 yw; chilamydospores cartridge-buff, pyriform, 6-8 x 8-10 yp. 

Of the above species, it is possible to place Vailionis’ organism under Arachni- 
otus trisporus, as has been previously done, or under A. candidus. It being im- 
possible to obtain a culture of A. candidus it is necessary to rely strictly upon the 


literature, which is certainly not complete and quite contradictory. Since the 
size of the ascospores of that species differs slightly from that of A. trisporus, the 
description of conidia conflicting, and since no mention is made of chlamydo- 
spores, exudate, or the color upon aging, the writer must conclude that to call 
this species A. ¢risporus is justifiable. Furthermore, it being impossible at the 
present time to determine the month in which Vailionis published his description, 
and since his organism is already known as A. trisporus, we believe that it should 
continue to be known under that name. 

Since Vailionis discovered his species in Lithuania and Hotson his in the state 
of Washington, it was thought that some difference must occur between the two 
cultures. However, after a microscopical study of the two, their morphological 
structures were found to be identical in size and relative abundance. Colony 
characteristics, however, were slightly different (pl. 6). The cultures were then 
designated as Vailionis’ strain and Hotson’s strain. 

After making a thorough study of the culture identified by Nannizzi as A. 
aureus, obtained from Baarn through De Lamater, the writer concluded that this 
organism was of the same species but a different strain from the other two. Its 
colony characteristics (pl. 6) are different from the others, but the color of the 
mycelium, the exudate, and its morphological characters are identical. For these 
reasons the writer designates this culture as A. trisporus, Nannizzi’s strain. 
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SYSTEMATIC POSITION OF ARACHNIOTUS 


Arachniotus occupies a position between the Gymnoascaceae and the Asper- 
gilliaceae, because it has a loosely woven peridium as found in the former, and 
conidia resembling very strongly those found in the latter. It should be considered 
as one of the lowest members of the family Gymnoascaceae, since there are 
only traces of a peridium the hyphae of which are undifferentiated. It is the 
only known member of this family showing crozier formation and, according to 
De Lamater, the most primitive fungus having croziers. The presence of conidia 
in Arachniotus, produced from such similar structures as found in Aspergillus 
and Penicillium and also in a similar fashion, supplies a strong link to bridge the 
gap between the Gymnoascaceae and the Aspergilliaceae. 

It has long been thought that the Trichophytoneae or the Dermatophytes were 
imperfect forms of the Gymnoascaceae. (For a review of the literature pertaining 
to this subject, see Dodge, 35). However, definite proof of this relationship has 
not as yet been established. Pollacci (’25) stated that when A. candidus is culti- 
vated on Pollacci agar perithecia do not develop and that the organism closely 
resembles Trichophyton. Nannizzi (’26) cultivated T. radiolatum, T. asteroides, 
T. denticulatum, and T. felinewm upon feathers, skin, leather, and bones, and 
found that they produced pycnidia resembling the ascocarps of Ctenomyces 
serratus, Arachniotus candidus, A. aureus, and Gymnoascus Reessii, which he also 
studied. In this paper he brought out, besides other morphological similarities, the 
significance of finding the racquet mycelium in Microsporon and in Ctenomyces 
serratus and Myxotrichum uncinatum. Although the writer was unable to make 
such a study as Nannizzi did, she believes that the presence of the racquet 
mycelium in the perfect and imperfect forms is a morphological connection be- 
tween these two groups. Nannizzi has shown in his figures that Ctenomyces 
serratus, Myxotrichum uncinatum, Micros poron lanosum, and Trichophyton radio- 
latum (to some extent) all possess racquet mycelium. Illustrations in Ota and 
Langeron (’23) show that Microsporon Audouini, Megatrichophyton equinum, M. 
ferrugineum, and Favotrichum ochraceum possess similar mycelium. 

From the above, three significant findings should be brought out: First, 
racquet mycelium occurs almost invariably in all three strains of A. trisporus. 
Second, A. trisporus has an optimum growth temperature between 30 and 35° C., 
a range at which most of the Dermatophytes grow the best. Third, and one of 
the most important, A. trisporus can definitely exist as a parasite. These three 
facts all point towards the conclusion that the Trichophytoneae are the imperfect 


forms of the Gymnoascaceae, but unfortunately does not finally establish this 
theory as a fact. 


SUMMARY 


1. Arachniotus trisporus, besides having regular multinucleate hyphae of a 
more or less constant width and length, is characterized by a racquet mycelium 
similar to that found in the Gymnoascaceae and the Trichophytoneae. 
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2. A. trisporus reproduces asexually by multinucleate chlamydospores and 
uni- or binucleate conidia. The chlamydospores have proved to be the most viable 
type of spore over a period of years. The conidia are produced in chains from a 
phialide as in the Aspergilliaceae. 

3. In sexual reproduction, two unlike multinucleate copulation branches are 
produced which, after copulating, fuse. The male nuclei move into the female 
branch and the nuclei pair. Cell walls appear between each pair, and croziers are 
formed. The two nuclei in the tip of the crozier fuse and divide three times, pro- 
ducing eight uninucleate ascospores. The ascus wall soon disappears but the 
ascospores usually remain clumped together as they appeared in the ascus. 

4. This species is capable of good growth upon Sabouraud’s, potato-dextrose, 
oat-meal, prune, and Vailionis’ agar. Growth in liquid media of the same com- 
position, but without the agar, is good, but the development of the organism is 
slower. A “time table” of the appearance of the various morphological structures 
is given. It is found that the optimum pH is near 6, and that the optimum 
temperature is between 30° and 35° C. 

5. Gymnoascus sudans Vailionis is identical with A. trisporus Hotson. 

6. This species is capable of existing as a pathogen. 

7. Because of the presence of a loose undifferentiated peridium, A. tris porus 
belongs in the Gymnoascaceae, but, on the other hand, it produces conidia similar 
to those found in the Aspergilliaceae. It is therefore believed that this organism 
occupies a position between the two families. 

8. The presence of a racquet mycelium in A. trisporus, similar to Ctenomyces 
and Myxotrichum, and also species in the Trichophytoneae, suggests that the 
Trichophytoneae are related to the Gymnoascaceae. Besides the presence of a 
racquet mycelium, the optimum temperature of 30° and 35° C. and the demon- 
stration of the pathogenicity of this species also point in this direction. 
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EXPLANATION OF PLATE 


PLATE 1 
Arachniotus trisporus 


Figs. 1-6. Vegetative hyphae from lacto-phenol prepared slides from potato-dextrose 
agar cultures, showing development of the vacuole from time of inoculation. Width of 
hyphae shown is 2.5 u. 

Fig. 1, after 51 hours. 
Fig. 2, after 60 hours. 
Fig. 3, after 69 hours. 
Fig. 4, after 81 hours. 
Fig. 5, after 99 hours. 
Fig. 6, after 144 hours. 

Figs. 7-12. Vegetative hyphae from iron-haematoxylin prepared slides showing 
nuclei and development of the vacuole from time of inoculation. 

Figs. 7-9. Hyphae 2.5 » in width, from 52-hour potato-dextrose agar cultures. 
Figs. 10-11. Hyphae 2.5 w in width from 60-hour Sabouraud’s agar culture. 
Fig. 12. Hyphae 2.2 » in width from 81-hour potato-dextrose agar culture. 
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EXPLANATION OF PLATE 


PLATE 2 
Arachniotus trisporus 


Figs. 13-14. Portion of racquet mycelium at 57 hours taken from lacto-phenol 
prepared slides made from potato-dextrose agar cultures: 
Fig. 13. Cell marked 2 is 10 wu at widest part and 54.5 u long. 
Fig. 14. Cell marked a is 15.5 mw at widest part and 43.7 u long. 
Figs. 15-21. Chlamydospores and germinating spores taken from lacto-phenol pre- 
pared slides except fig. 20, which is from an iron-haematoxylin preparation. 
Fig. 15. From a 51-hour oat-meal agar culture: a, 5.6 x 7.5 uw; b, 4.4 x 4.4 B; 
c, 5.0 x 5.6 
Fig. 16. From a 48-hour potato-dextrose culture, showing continuation of hyphae 
from apical end of spore: spore 10.0 x 11.3 uw. 
Fig. 17. Sprouting chlamydospore from a 45-hour potato-dextrose culture: spore 
8.8 x 10.0 #; projection 10 u long. 
Fig. 18. From a 78-hour oat-meal agar culture; chlamydospore 8.8 x 9.4 u. 
Fig. 19. From a 94-hour Sabouraud’s agar culture: a, 8.1 x 5.6 u; b, 6.2 x 6.2 
Fig. 20. Showing nuclei from a 46-hour culture. 
Fig. 21. a, b, c, d, and e, germinating chlamydospores; f, g, 4, i, germinating 
ascospores. 
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EXPLANATION OF PLATE 


PLATE 3 
Arachniotus trisporus 


Illustrations of conidia, all taken from lacto-phenol prepared slides except fig. 26. 

Fig. 22. Immature conidia taken from a 51-hour culture; hypha 1.3 » in width; 
terminal spore 2.5 # in diameter. 

Fig. 23. Branch of conidia taken from a 54-hour oat-meal agar culture. 

Fig. 24. An unique type of conidium produced on oat-meal agar between 61 and 
69 hours. 

Fig. 25. Phialides, after the production of conidia, continuing growth as hyphae; 
taken from an 81-hour culture. 

Fig. 26. Conidia stained with iron-haematoxylin showing some with one, and some 
with two nuclei. 
Fig. 27. Conidia from a 54-hour culture. 
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EXPLANATION OF PLATE 


PLATE 4 
Arachniotus trisporus 


Illustrating copulation branches, copulation, and formation of croziers, taken from 
lacto-phenol prepared slides. 

Fig. 28. Copulation branches from a 98-hour potato-dextrose agar culture; 4, c, ¢, 
and g are male, while 5, d, f, and b are female copulation branches. 

Fig. 29. Female copulation branch drawing toward male. . 

Fig. 30. Female branch coiling around the male; meanwhile the tip of each branch 
has been cut off by a septum. 

Fig. 31. Copulation of the male and female branches, showing the septa that have 
appeared before the first septum in the female copulation branch. 

Fig. 32. [Illustrating the attraction of a female branch from another hypha to the 
male, and repulsion of the adjacent female branch. 

Fig. 33. Septa appearing in the female branch after plasmogamy has taken place. 

Figs. 34-37. Various steps in the formation of croziers after septa have divided the 
female branch into several cells. 

Fig. 38. Portion of original female copulation branch showing mature croziers which 
have begun to form asci. 
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EXPLANATION OF PLATE 
PLATE 5 
Arachniotus trisporus 


Fig. 1. Photomicrograph of vegetative hyphae, showing copulation branches at the 
extreme ends (x approx. 360). 

Fig. 2. Photomicrograph of a fruit-body, showing asci and ascospores (x approx. 
745). 
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EXPLANATION OF PLATE 


PLATE 6 
Arachniotus trisporus 


Photographs of Petri-dish cultures of the three strains grown on Sabouraud’s agar. 
Figs. 1, 3, and 5 were incubated at approximately 30° C., and figs. 2, 4, and 6, at ap- 
proximately 35° C. Note the formation of rings when grown at 35° C. 

Figs. 1 and 2. Vailionis’ strain. 

Figs. 3 and 4. Nannizzi’s strain. 

Figs. 5 and 6. MHotson’s strain. 
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INSTABILITY OF THE MATING TYPE ALLELES IN SACCHAROMYCES' 


CARL C. LINDEGREN 
Research Professor, Henry Shaw School of Botany of Washington University 


anp GERTRUDE LINDEGREN 
Research Fellow, Henry Shaw School of Botany of Washington University 


COMPLETE TRANSFORMATION OF SACCHAROMYCES INTO TORULAE 


Copulation in Saccharomyces cerevisiae is controlled by a pair of a/a alleles. 
Ascospores are haploid for either the a or the a gene and produce clones, the mem- 
bers of which copulate pairwise when the cultures are mixed. The @ by a matings 
result in abundant copulations, forming legitimate diploid zygotes capable of 
undergoing reduction to produce viable 4-spored asci. The @ by @ and the a by a 
matings fail to result in copulations. The four cultures from the single haploid 
ascospores which were the basis of the experiments and illustrations in our earlier 
papers (Lindegren and Lindegren, ’43 b, c) have been carried in culture in the 
laboratory for over a year and have been observed to produce a great variety of 
morphological mutants. That they still retain their haploid character is shown 
by the shape and size of the cells. Recently the earlier experiments were dupli- 
cated by mating the cultures in all possible pairs, following exactly the same 
procedure as before. These matings failed to produce either copulations or 
diploid cells. No asci were obtained by transferring the mated cultures to our 
presporulation medium and gypsum slants (Lindegren and Lindegren, ’44). The 
cultures are now completely neutralized as to sex and have been transformed into 
typical members of the genus Torula or Torulopsis. They are incapable of pro- 
ducing diploid sporulating cultures either by legitimate or illegitimate copulation. 
This is undoubtedly due to mutation either of the principal @/a alleles or of 
modifying genes which inhibit copulation. 

The genus Torula or Torulopsis was invalidated by Satava (’34) and Winge 
and Laustsen (39) suggested that the genus Zygosaccharomyces should be dropped. 
We have presented evidence on both these points (’43b), and the names of 
the genera are used in the present discussion without implication of generic status. 


THE EFFECT OF CAMPHOR ON COPULATION 


Thaysen and Morris (’44) produced large, presumably diploid cells of Torule 
utilis by plating the organisms on beer wort agar containing 0.3 per cent camphor. 
We tested the effect of camphor on a number of yeast cultures and found that 
with concentrations of 0.3 per cent camphor about half of the cultures produced 
outgrowths strongly resembling copulation tubes; and with 0.5 per cent camphor 
a much larger proportion of cultures produced an abundance of these structures. 


_—_ 


1 This work was supported by a grant from Anheuser-Busch, Inc., St. Louis. 
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Plate 7 shows the effect of 0.3 per cent camphor on a diploid and a haploid 
culture. 

The fact that camphor stimulates the production of structures resembling 
copulation tubes suggested that Thaysen and Morris had been able to produce a 
large Torula by inducing copulation between normally stable haploid cells and 
led to the following experiment. The four single ascospore cultures, referred to 
above, which had become transformed into Torulae, were mated in all combina- 
tions in malt-dextrose-yeast extract broth containing 0.5 per cent camphor and 
compared with a control in which matings were made in the absence of camphor. 
In the presence of camphor many tubes grew out and anastomoses were visible 
between adjacent cells. Cells from each copulating culture were transferred to 
our presporulation medium and then to gypsum slants. No diploid cells or spores 
were obtained as a result of the above matings, either with or without camphor, 
indicating that in spite of the abundant production of tubes none of the cell 
fusions had been followed by nuclear fusion. 

This first failure to effect nuclear fusion by the use of camphor was followed 
by a second experiment with fresher cultures. Four cultures, which had been 
obtained from four single ascospores of a single ascus about six months before, 
were similarly mated in the presence and absence of camphor. The serial numbers 
of these four cultures are 61, 62, 63, and 64. Cultures 61 and 62 are typically 
round-celled, while 63 and 64 are somewhat ellipsoidal. Earlier tests had shown 
that 61 and 62 were of the same mating type, while 63 and 64 were of the opposite. 
Outline drawings of the cells mated in broth without camphor are shown in fig. 1. 
Originally the cells of 63 and 64 were about the same size but some of those of 
culture 63 are seen to be much larger than the standard haploid ones and are 
characteristically diploid, indicating that this culture had become diploid spon- 
taneously by illegitimate copulation. This culture, therefore, contains a mixture 
of haploid and diploid cells. 

The results of the pairings shown in fig. 1 indicate that copulations failed to 
occur when cultures 61 and 62 were mated, and also with 63 and 64, but copula- 
tions occurred in the other four possible combinations. This proves that the four 
cultures still retain the same mating type differences which had characterized 
them in the previous experiments. It is probable that only the haploid cells in 
culture 63 mated, but it would require further analysis to determine this specif- 
ically. 

Cells from the culture tubes in which the matings were made were transferred 
to our presporulation medium and, after the proper interval, were placed on 
gypsum slants. The photographs in pl. 8 show the ascospores obtained on 
gypsum slants, and confirm the findings of the previous matings. Cultures 61, 
62, and 64 produced no ascospores; culture 63, however, which had contained 
illegitimate diploids, developed a few ascospores. Many of these were character- 
istically aborted and most of them were probably non-viable. This culture is 
unusual for an illegitimate diploid inasmuch as it produces a relatively large 
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63x64 


Fig. 1. Outline drawings of the cells of cultures 61, 62, 63, and 64, and all possible pairings 
from mating tubes in broth without camphor.’ 
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Fig. 2. Outline drawing of the cells of cultures 61, 62, 63, and 64, and all possible pairings 
from mating tubes in broth containing .5 per cent camphor. 
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number of 4-spored asci. The viability of the ascospores from cultures of this 
type is generally quite low, and the production of ascospores in culture 63 was 
also much lower than that of the four legitimate diploids.1 Mating of 61 by 62 
did not result in the production of ascospores, and fig. 1 shows that the mating 
had not resulted in cell fusion. The mating of 63 and 64 did not produce any 
more ascospores than 63 alone. Mating 62 by 64 resulted in the production of 
many asci only a few of which were 4-spored. The other three legitimate matings 
gave relatively high frequencies of 4-spored asci, with 62 by 63 conspicuously 
better than any of the others. 

A duplicate experiment was carried out, using precisely the same methods 
except that 0.5 per cent camphor was added to the medium in which the matings 
were made. The outline drawings of the cells from the matings shown in fig. 2 
indicate that cultures 61 and 62 were relatively insensitive to the effects of 
camphor, while in cultures 63 and 64 anastomoses occurred frequently. In the 
mating of 61 by 62, a few of the clusters are swollen, but the indications are 
generally consistent with the low sensitivity of these cultures to camphor. A 
mixture of 63 by 64 in the presence of camphor resulted in an excessive number 
of anastomoses. After growing these cultures on presporulation media, they were 
transferred to gypsum with practically the same results as obtained without the 
use of camphor. In the mating 62 by 64, 4-spored asci were very rare; the best 
4-spored asci were produced by mating 62 by 63. The results of both matings were 
the same as in the absence of camphor. In spite of the abundance of anastomoses in 
the 63 by 64 mating, no more spores were produced by the combination than by 
63 alone. 

These results indicate that, except for structures similar to copulation tubes, 
matings in the presence of camphor were not able to effect combinations which 
did not occur in its absence. This does not prove that camphor is ineffective; it 
may be that, combined with. other substances present in the type of beer wort used 
by Thaysen and Morris, copulations could be induced which would result in 
nuclear fusion. The importance of the subject warrants extensive examination of 
the phenomenon. Critical control experiments are required to exclude the alter- 
native that the diploidization may have occurred spontaneously. 


THE INSTABILITY OF THE MATING TYPES UNDER SELECTION PRESSURE 


The transformation of the yeast cultures capable of copulation into neutral 
Torulae explains the fact that many of the cultures from single ascospores 
which we carried in culture for a year or more were unable to copulate 
with freshly isolated tester strains capable of copulation. Apparently, the genes 
controlling copulation become unrecognizable by mutation under the selection 
Pressure exerted on haploid cultures. These observations also explain the results 


The fields from culture 63, selected for the photographs, contained more than the average 


number of ascospores, but in photographing the other cultures, an attempt was made to select 
representative fields. 
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obtained by Winge and Laustsen (’37), who paired all the available Torulae in all 
combinations and failed to obtain any diploid cells. When cultures are isolated 
in the haploid state, the survival value of the genes controlling copulation dis- 
appears and a new mutation, even if its advantage be very slight, would tend to 
replace either the @ or the a genotype. It is not required that the new mutation 
appear at the @ or a locus. It may be a modifier or @ or a with some slight 
advantage over its parent type. 

A second type of transformation with respect to copulation capability is found 
rather infrequently among single ascospore cultures. These variants produce an 
abundance of copulation tubes as soon as the culture reaches full growth. The 
cells from these cultures can copulate with the cells of any other culture capable 
of copulation and may produce diploid zygotes, irrespective of whether or not 
they are mated with either 4 or a mating types. The variants have lost the 
characteristic of discriminating between the @ and a types. This non-discrimina- 
tory type may have been produced by a mechanism similar to that suggested by 
Sturtevant (’24) to explain orthogenesis. The gene producing copulation tubes 
may have either mutated to a gene which retains the quality of producing copula- 
tion tubes associated with another character of high survival value or may be 
closely linked to a second gene of high survival value. To quote Sturtevant: “If 
we suppose that the antlers of the Irish elk were dependent for their size upon 
testicular secretions, then selection may have increased the testicular secretions for 
reproductive or other reasons, and thus have resulted in a purely incidental 
increase in size of antlers.” These haploid yeasts have been transformed into the 
“genus” generally recognized as Zygosaccharomyces. 

The instability of genes controlling copulation in yeasts is paralleled by a 
similar instability at the AB loci in the Hymenomycetes. Two cultures of 
Coprinus lagopus collected from different dung heaps are completely interfertile 
(Hanna, ’25) due to mutations at the AB loci. Vandendries (’37) extended this 
study to show that sterility factors can be demonstrated when Hymenomycetes 
from different continents are mated. The self-sterility alleles in Neurospora are 
extraordinarily stable (Lindegren, ’32, ’34), and of many single ascospore cultures 
examined we found no mutations at the +/— locus. Single ascospore cultures of 
Neurospora often lose their fertility when carried in culture; this is probably due 
to genes modifying the +/— factors. The fact that multiple mutants are less 
fertile than the wild type suggests that most mutant genes modify the +/— 
alleles to reduce fertility (Lindegren, Beanfield and Barber, 1939). 

Haploid yeasts are astonishingly mutable. Subculturing a haplophase yeast 
produces a large variety of morphological mutants. If the a/a alleles are modified 
by these mutant genes, changes in fertility might occur. This would be especially 
true in a yeast culture, since the selection pressure is great and constantly varying, 
due to the effect of the growth of the organisms on the substrate. Diploid 
cultures are protected against variation by the presence of the normal allele at 
each locus to “cover” the mutant gene which is generally recessive. Homozygous 
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diploids are the most stable of all since they generally fail to produce viable hap- 
loid ascospores, and the diploid ascospores which they produce germinate to form 
clones indistinguishable from the parent type. A parallel stability with regard to 
mating type is found in completely homozygous diploid cultures of Paramecium 
(Sonneborn, personal communication) which are practically non-variable in their 
sex reactions. 

Since haploid yeast cultures are sexually unstable, when subcultured vigorously 
the test for mating type can only be performed with single-ascospore cultures 
obtained from freshly isolated spores. 


CRITERIA FOR DISTINGUISHING HAPLOID FROM DIPLOID CULTURES 


Cell size alone is not a sufficient criterion for distinguishing diploids from 
haploids because cells in both types of cultures vary in size. Neither is cell shape 
in itself a satisfactory criterion of haploidy, for while the cells of haploid cultures 
are generally round many are distinctly ellipsoidal. Haploid cultures are usually 
more variable than diploid cultures, and old cultures may contain larger cells than 
do diploid ones. Comparative measurements of cell size must be made on young 
cultures grown under standard conditions in liquid medium. An example of the 
bloated, round cells frequently found in haploid cultures is seen in pl. 7c. Such 
cells invariably have an enlarged central vacuole, suggesting that increase in size 
is not due to any additional dry matter. Cells of this type, often much larger, 
are found in old cultures and can easily be distinguished from normal ellipsoidal, 
diploid cells. Extremely thin, elongated cells are also found in haploid cultures. 
Much of this variation is simply phenotypic, as is indicated by the fact that cells 
from different parts of the colony vary in size and shape (Lindegren and Hamil- 
ton, °44). Yeasts cultured on agar show a pseudomycelium of elongated cells 
growing into the substrate. The cells on the top of a colony of Torula utilis are 
often extremely elongated and much smaller than those found in liquid medium. 
Both bloated cells and long, thin cells are generally characteristic of haploid 
cultures, although many haploid cultures show a predominance of one or the other 
type. They are generally absent from diploid cultures. 

Another fairly constant distinction between haploid and diploid cultures is 
that haploid cells often tend to form associations due to failure of the daughter 
cells to separate after budding. When only four cells are present in a cluster, the 
typical figure-8 configuration described by Winge (’35) results. These clusters 
may become rather large and are generally characteristic for specific mutant types. 
In forming clusters, the first bud does not always persist with its long axis per- 
pendicular to the tangent of the cell surface. The persistent perpendicular bud 
is characteristic of diploid cultures. 

A typical diploid cell produces only a single bud at a time. However, many 
haploid cultures contain single, large, round cells which produce many buds at 
the periphery. This type of budding has been used as a generic criterion in the 
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imperfect yeasts, but it is found not infrequently in single ascospore cultures 
isolated from the standard Saccharomyces cerevisiae. 

Many haploid cultures contain pear-shaped cells resembling the first stage of 
copulation tube formation; in unmated haploid cultures, the stimulation required 
to complete the tube is not present. Pear-shaped cells are characteristic of 
apiculate yeasts. 

Diploid cultures therefore differ characteristically from haploids in the fol- 
lowing manner: (1) they generally fail to remain associated after the bud has 
attained full size; (2) only a single bud, generally at right angles to the cell 
surface, is formed; (3) they are generally more uniform in cell-size than haploid 
cultures; (4) there are practically no elongated, balloon or pear-shaped cells, 
while these forms abound in haploid cultures, especially in old ones. 

In addition to a greater stability in cell-size and shape, diploid colonies are 
remarkable in producing uniform, large, smooth colonies, while haploid cultures 
produce a great variety of small, rough colonies (Lindegren and Lindegren, °43a). 


CRITERIA FOR ESTABLISHING THE OCCURRENCE OF NUCLEAR FUSION IN YEASTS 


When anastomoses are found in yeast culture, it is difficult to see whether or 
not true fusions have occurred. Cell fusions in the fungi are often without any 
sexual significance and are not necessarily followed by nuclear fusions. In different 
fungi, different criteria are relied upon to prove that copulation and nuclear fusion 
have occurred. In the Hymenomycetes, clamp connections are evidence of copu- 
lation but do not necessarily indicate that nuclear fusion will follow. In Neuro- 
spora, the development of perithecia and ascospores in mixed cultures proves that 
mixing the cultures has resulted in nuclear fusion. In the yeasts, copulation be- 
tween the cells of mixed cultures followed by the production of the typical 
diploid cells is suggestive, but since copulation and diploid cells often occur spon- 
taneously in haploid cultures diploid cells are not necessarily evidence that a 
hybrid has been formed. The occurrence of anastomoses in old haploid cultures 
at the center of the cell aggregations is in line with Winge’s observations that the 
figure-8 conformation so frequently found in haploid yeasts is a preliminary to 
illegitimate copulation. 

Nickerson and Thimann (’43) stated that when two cells of a Zygosaccharo- 
myces are attached, budding can be distinguishel from copulation by the fact that 
buds always occur with their long axis at right angles to the tangent of the cell 
surface. This is generally true of diploid cultures (see above) but they were 
working primarily with Zygosaccharomyces, which are haploid. In haploid cul- 
tures the clover-leaf cell aggregates are often formed by two secondary buds 
appearing near the point of attachment of the budded cells. There are indications 
of post-fission movement at the attachment point, which results in a change of 
the perpendicular attachment of the bud. The only conclusive proof that hybridi- 
zation between the mixed cultures has occurred is the subsequent production of 
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large diploid cells capable of undergoing meiosis and producing viable 4-spored 


ascl. 


BIOLOGICAL IMPLICATIONS OF THE INSTABILITY OF THE MATING TYPE ALLELES 





In nature a Saccharomyces which yields a large number of vigorous Torulae 
will be at a disadvantage, for the Torulae might displace the parent form. The 
Torulae are a fundamentally less efficient biotype, since they are incapable of 
exploiting the sexual mechanism for effecting genic recombinations. In Saccharo- 
mycodes, all copulations occur in the ascus and no haplophase is found. Suppres- 
sion of the haplophase in Saccharomycodes does not permit selective competition 
between gametes which occurs in Saccharomyces just previous to copulation. This 
competitive interphase eliminates the possibility of producing zygotes carrying 
lethal genes. In Saccharomycodes, where this competition is eliminated by direct 
fusion of ascospores, a balanced lethal mechanism associated with mating types 
develops as was found by Winge and Laustsen (739) in Saccharomycodes ludwigii. 
In Saccharomyces the strength of the mating-type alleles is adjusted to permit the 
haploid spores to germinate and produce small colonies before copulation occurs. 
The greater vigor of the legitimate diploid enables it to swamp out the haploid 
cells, and relatively few Torulae or Zygosaccharomyces are found in nature. 


















SUMMARY 










Mating type alleles in Saccharomyces cerevisiae are unstable, and cultures 
capable of copulation become transformed in the laboratory into Torulae in- 
capable of mating with each other or with tester strains. The instability of the 
mating type alleles results in the selection of mutants of diminished fertility 
during the period that the isolated haplophase is grown in pure culture. 

Structures resembling copulation tubes are produced by exposure of yeasts to 
camphor. We have not been able to induce nuclear fusions by mating cultures in 
the presence of camphor. 
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EXPLANATION OF PLATE 


PLATE 7 


Saccharomyces cerevisiae 


The effect of camphor on diploid and haploid yeasts: 

Diploid culture of the Lk strain grown on a nutrient agar plate without camphor. 
Lk strain in same medium containing .3 per cent camphor. 

Haploid culture of M3 strain grown without camphor. 

M3 strain in medium containing .3 per cent camphor. 
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EXPLANATION OF PLATE 


PLATE 8 


Saccharomyces cerevisiae 


Cells from the gypsum slants originating from the cultures and pairings shown in 
text-fig. 1. 
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EXPLANATION OF PLATE 


PLATE 9 


Saccharomyces cerevisiae 


Cells from the gypsum slants originating from the cultures and pairings shown in 
text-fig. 2. 
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A COMPARISON OF THE KINETICS OF ENZYMATIC ADAPTATION IN 
GENETICALLY HOMOGENEOUS AND HETEROGENEOUS 
POPULATIONS OF YEAST? 


S. SPIEGELMAN 
Lecturer, Washington University 


anp CARL C. LINDEGREN 
Research Professor, Henry Shaw School of Botany of Washington University 


Populations of microorganisms possess the ability of undergoing striking 
changes in their physiological properties under the stimulation of substances in 
their environment. Such changes may involve either the acquisition of an enzyme 
system not previously detectable or the loss of one that it had possessed before 
the environmental change. An example of this phenomenon is the ability of 
certain yeasts to acquire the enzymatic apparatus necessary to ferment galactose. 
Since its discovery by Dienert (’00) this particular problem has been investigated 
by numerous workers. Armstrong (’05) confirmed Dienert’s findings and further 
found that some yeasts were incapable of acquiring this physiological property no 
matter how long they were cultured in the presence of galactose. Slator (’08) 
showed that those yeasts capable of fermenting galactose possess this ability only 
after they had been acclimatized by culture in its presence. No yeast he in- 
vestigated was able to ferment this hexose immediately upon being introduced to 
a medium containing it. There was always an induction period of variable length 
connected with the acquisition of this property. 

Attempts to elucidate further the nature of this acclimatization or adaptation 
encountered a basic problem common to all studies of physiological changes in 
large populations. A comparative biochemical study of large populations always 
involves over-all populational characteristics. This necessarily introduces diffi- 
culties in the interpretations of any observed changes in physiological properties. 
The mechanisms available to an individual cell for adapting itself to an environ- 
mental change are limited by its genome and the physiological flexibility permitted 
by its particular degree of specialization. When, however, the adaptive ability 
of a population of cells is being considered, there must be added to the physio- 
logical pliability of its members the genetic plasticity of the group in terms of 
the numbers and kinds of variants it is capable of producing. 

Because of this composite nature of populational adaptability, it is clear that 
in any particular case the same end result can be obtained by any one of the 
following mechanisms: (1) the natural selection of existent variants with the 
desired characteristics from a heterogeneous population; (2) induction of a new 
(as far as measurements of activity are concerned) enzyme by the substrate in 
all the members of a homogeneous population, resulting in an increase in the 


* This work was aided in part by a grant from Anheuser-Busch, Inc., St. Louis. 
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measured enzymatic activity of the population; (3) a combination of natural 
selection and the action of mechanism (2) on those selected. 

Several attempts have been made to decide which of the above mechanisms js 
involved in the adaptation to galactose fermentation. Sohngen and Coolhaas (’24) 
grew their yeast cultures at 30° C. and measured enzymatic activity at 38° C. to 
avoid cell division during the measurement of CO, evolution. They concluded 
from their experiments that the production of galactozymase parallels the forma- 
tion of new cells. In addition, they confirmed Kluyver’s (714) findings that at 
38° C., at which temperature cell division is completely inhibited, no adaptation 
takes place. Other investigators also tried to obtain adaptation in the absence of 
cell division since this would clearly exclude the operation of natural selection as 
a causal agent in effecting the change. Euler and Nilsson (’25), and later Euler 
and Jansson (’27) in a more thorough examination, tried adapting yeast to 
galactose fermentation in the presence of 0.5 per cent phenol to inhibit cell 
division. These attempts failed. They also repeated Kluyver’s attempt to dis- 
sociate growth and adaptation by culturing the yeasts at 38° C., but again neither 
growth nor adaptation occurred. Stephenson and Gale (’37), using Bact. Coli, 
also concluded that adaptation to galactose in this organism was invariably accom- 
panied by cell division. No evidence of adaptation was found in the absence of 
cell multiplication, and the increase in galactozymase activity in the growing 
population could be explained on the basis of the new cells formed. 

The failure of the above-mentioned authors to find adaptation in the complete 
absence of cell division cannot be taken as conclusive evidence that no such 
phenomenon could exist. It is conceivable that in cultures where this “ideal” 
had been reached, the physiological state of the cells was such that their ability 
to synthesize new enzymes had been lost along with their ability to divide. 
Stephenson and Yudkin (’36) concluded from their experiments that the produc- 
tion of galactozymase in yeast cultures need not involve the formation of new 
cells. This conclusion was based on the observation that the ability to evolve 
CO, anaerobically from a medium containing galactose was acquired in a period 
when the total viable counts of the population remained constant. These adaptive 
periods were relatively long, extending to 24 hours, and the constancy of count 
was apparently obtained fortuitously in some of their experiments, though this 
was aided by using old cultures which had exhausted their polysaccharide reserves. 

In view of the apparent contradiction between the findings of Stephenson and 
Yudkin and those of previous investigators (particularly Sohngen and Coolhaas) 
the present authors reinvestigated the problem from a different point of view 
(see Spiegelman, Lindegren and Hedgecock, °44, hereafter referred to as 1). 
They described a method (1) by which the phenotypic homogeneity of yeast pop- 
ulations could be examined with respect to the ability of the individual members 
to acquire the power to produce CO» rapidly from galactose. The method 
depends on the fact that a cell can generally be characterized by the type of 
colony it produces when grown on an agar surface under standard conditions. 
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Thus, if a representative sample of a population is plated out and more than one 
colonial type is noted, it may be concluded that more than one type of individual 
is represented in the population (see Shapiro, Spiegelman and Koster, *37). It 
will be noted that this method of plating out possesses the inherent advantage of 
providing in the process for the ecological isolation of the individual members of 
the sample population. This permits a relatively complete expression of any 
phenotypic heterogeneity which may exist but which might not otherwise be 
detectable due to the inhibitive competitive interaction amongst the phenotypes. 

In order to distinguish between the rapid gas producers (fermenters) and 
those that could not ferment the sugar, advantage was taken of the fact that 
colonies which evolve COzg rapidly would, when growing between two layers of 
agar, produce typical star-shaped cracks in the agar of their immediate neighbor- 
hood. The quantitative validity and reproducibility of this detection method 
were examined and found to be satisfactory. 

The reasons for developing this method are evident from the above discussion 
of the nature of populational adaptability, since one of the crucial points at issue 
in problems of this nature is the phenotypic homogeneity or heterogeneity of the 
starting population. Thus, if it can be shown that the initial population was 
phenotypically heterogeneous with respect to the ability of the individuals to 
demonstrate a property, then natural selection could operate to produce the 
change. If, on the other hand, the population can be shown to be homogeneous 
with respect to this property, any sudden change in the characteristic studied can 
more likely be ascribed to a direct cytoplasmic interaction with the substrate, the 
delay being due to an induction period. 

Two strains of Saccharomyces cerevisiae, Db23B and LK2G12, both of which 
could acquire the ability to ferment galactose when grown in its presence, were 
examined by this method. Strain Db23B, which was known to be haploid and 
therefore genetically unstable (see Lindegren and Lindegren, ’43 a, b, c, d, for 
further details concerning yeast breeding and strain isolation), was shown to be 
phenotypically heterogeneous with respect to galactose fermentation. It con- 
tained two types as far as behavior towards galactose was concerned: One could 
not adapt to galactose fermentation while the other one could. Strain LK2G12, 
on the other hand, which was known to be diploid, was uniformly homogeneous in 
that all of its individuals were able to acquire the capacity for fermentative utili- 
zation of galactose on standing in contact with the sugar. The pre-adaptive 
period of this strain under the conditions of the experiments was three hours, 
which is characteristic for this particular strain under standard conditions, and has 
been duplicated many times over a 7-month period. This is apparently much 
shorter than the periods encountered by Stephenson and Yudkin. Because of 
the relative rapidity of adaptation of this strain, experiments may be performed 
on the mechanisms of the process that can rule out cell divisions without 


drastic inhibitory treatments which might interfere with other physiological 
functions. 
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The adaptive behavior of these two strains followed what would be expected 
from the data obtained on their phenotypic characteristics. Populations of 
Db23B, starting with a low percentage of the fermenting type, could increase 
their enzymatic activity only through the mechanism of cell division and the 
subsequent selection in favor of galactose fermenters. In no case was increased 
enzymatic activity observed without parallel increase in cell numbers. However, 
this was not true of LK2G12, in which adaptation could occur without any 
measurable change in total cell number. From the results with these two strains 
the existence of both the “natural selection mechanism,” as well as that of direct 
cytoplasmic interaction, was concluded. Which one was operative depended 
upon the genetic stability and composition of the population. 

It will be noted that the conclusion that natural selection operated in changing 
the characteristics of Db23B populations depended on two types of evidence, 
namely: the phenotypic heterogeneity of the initial populations with respect to 
galactose fermentation; and the inability of this strain to increase its enzymatic 
activity if the absence of cell division when placed in contact with galactose. 

As pointed out previously, the absence of increasing enzyme activity in a 
non-dividing culture has little crucial interpretive value. It does, however, be- 
come more meaningful when combined with evidence of phenotypic heterogeneity. 
Nevertheless, it would clearly be desirable to demonstrate the operation of natural 
selection more positively by showing its existence in growing populations of 
Db23B rather than inferring its existence by the absence of adaptation when it is 
not operating. It is the particular purpose of the present paper to offer such data 
on growing cultures of Db23B. A theory capable of handling the quantitative 
analysis of its significance will also be presented. For purposes of comparison 
similar data will also be presented on two diploid strains, LK2G12 and 812, both 
of which can adapt without cell division. It will be shown that the time- 
variation of the ratio of the two phenotypes in a Db23B population growing on 
galactose is quantitatively described by a “natural selection” mechanism. It will 
furthermore be shown that the dependence of enzymatic activity on increasing 


cell numbers in growing populations of Db23B also leads to the conclusion that 
natural selection is involved.. 


MATERIALS AND METHODS 


A. Yeast strains—Three strains of Saccharomyces cerevisiae isolated in this 
laboratory and known as Db23B, LK2G12 and 812 were used in the following 
experiments. Strain Db23B originated from a single ascospore, and since its popu- 
lation contains principally haploid cells it is characteristically unstable. Strain 
LK2G12 originated from an intact 4-spored ascus in which copulation was ob- 
served to occur pairwise. Consequently it is known to be a diploid and in contrast 
to the Db23B is characteristically stable. Strain 812 is known to be diploid on 
similar grounds. 


B. Media.—The basic medium was made as follows: Into 1 liter of fluid was 
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dissolved 5 gms. peptone, 1 gm. MgSO, 2 gms. KHpPO,, 4 cc. of 80 per cent 
sodium lactate, 2 cc. liquid yeast extract, and to this was added the carbohydrate 
in an amount sufficient to make an 8 per cent solution. Agar plates were made 
by adding the requisite amount of agar to the above basic medium. The broth 
medium was always cleared by filtration before distribution to separate flasks for 
autoclaving. This clearing process was essential in the agar medium to facilitate 
observation of the colonies on test plates. 

C. Carbohydrates—Reagent grade glucose was used. The galactose was 
Difco’s purified further treated according to a method described by Stephenson 
and Yudkin (’36) to remove any contaminating fermentable sugars. 

D. Test plates—These are double-layered agar plates containing 4 per cent 
galactose purified as described above. Colonies grew between the layers and those 
that could ferment galactose evolved gas at a sufficient rate to produce the typical 
star-shaped cracks in the agar in their immediate neighborhood. To test the type 
composition of a sample population the following procedure was used: The 
sample was centrifuged down and washed free of any glucose with M/15 KH2PO,, 
if it came from a glucose medium. The washed cells were then resuspended in 
chilled galactose broth and diluted to contain approximately 5,000 cells per cc. 
Of this suspension approximately 0.1 cc. was then placed on a 4 per cent 
galactose-4 per cent agar surface from which all excess fluid had been allowed to 
drain. Even distribution was obtained by rotating a sterile bent rod over the 
surface. A 5 per cent agar medium containing 4 per cent galactose, cooled to 
39° C., was poured over the inoculated surface. These test plates were incubated 
at 28° C. for at least 48 hours before a count was taken. Usually five test plates 
were prepared from each suspension it was desired to examine, and the results 
averaged. Counting was done under the low power of a dissecting microscope. 

E. Manometric measurements.—Warburg vessels, capable of being flushed 
with gas, were used. All measurements were taken at 30.2° C., the vessels being 
shaken at a rate of 100 oscillations per minute. The nitrogen used to displace the 
air in measurements of anaerobic CO, production was passed over hot copper to 
remove any traces of oxygen. 

F. Cell counts.—Cell counts were made by means of a Spencer bright-line 
haemocytometer. 


THE “NATURAL SELECTION” HYPOTHESIS 


One type of data that is relatively easy to obtain by the use of the galactose 
test plates is the time-variation of the ratio of fermenters to non-fermenters in 
a population growing on a galactose medium. It should be possible to use these 
data to test whether the kinetics of the shift of this ratio in favor of the ferment- 
ing type in a growing culture fits that which would be predicted on the basis of 
a natural selection mechanism. To make such an examination it is necessary to 
find the functional dependence between the ratio of the two types and time, 
deducible from a simple selection theory. It would be desirable to transform this 
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into a linear relation for convenience in testing the goodness of fit. 

A functional relation of this type may be found by a simple mathematical 
description of a selection theory. In the previous paper (1) it was shown that 
both phenotypes were always present even in glucose-grown cultures. It may be 
assumed that the fermenters arose through variations from the non-fermenters 
due to the genetic instability of the haploid populations. This genetic instability 
is also shown through the numerous morphological variants which such cultures 
invariably exhibit on plating (Lindegren and Lindegren, *43a). 

From the point of view of natural selection the course of the phenomenon 
subsequent to transferring a glucose-grown Db23B population to a medium con- 
taining galactose as the sole source of carbohydrate may be described as follows: 
The non-fermenters can only use galactose slowly through a purely aerobic type 
of oxidation! and therefore their rate of division is depressed in this medium. 
The few fermenters present, after a lag period, start to divide rapidly since they 
possess the enzymatic apparatus necessary to use this sugar at a rapid rate. The 
number of fermenters thus increases due to two sources: first, the rapid cell 
division of those already present, and second, the mutation of the non-fermenting 
type to the fermenting kind. This latter mechanism can, even with relatively low 
mutation rates, be numerically significant in the early history of the populations 
because of the relatively large number of non-fermenters initially present. On 
the other hand, the number of non-fermenters present at any time can increase 
only by virtue of the cell divisions of this type. 

If we let U represent the number of non-fermenters (unadapted cells) at any 
time (t), and A the number of fermenters (adapted cells) the above discussion 
leads to the following two differential equations 


(1) wv — cU 


(2) $A — 1A + bU 


In these equations c is the growth constant or “biotic potential” of U in a 
galactose medium and a has a similar significance for the adapted phenotype. The 
constant b measures the relative rate at which the A-type is thrown off during 
the cell divisions of the U-type. Equations (1) and (2) describe the growth rate 
of the two phenotypes in a heterogeneous population. Equation (1) may be 
solved directly to yield U as the following function of time, 
(3) U=U,e* 
where U, is the number of unadapted cells present at zero time. From equation 
(3) it is seen that 
a) U 
ae In UW 


1 This purely aerobic utilization of galactose by unadapted cells will be described in detail and 
discussed in a later publication. 
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and consequently the constant may be obtained as the slope of the line obtained 
by plotting In %, against time. With the aid of equation (3), equation (2) 
may be solved to yield 


= _ bUo at = A ot 
(4) A=(Ac sities Je + auiiies Ue 


where A, is the number of adapted cells present at t equal zero. The magnitude 
of the constant a may be obtained from the growth rates of a fully adapted cul- 
ture when growing on galactose, since under those conditions, 


dA 

ry =aA 
Equations (3) and (4) express the absolute numbers of both phenotypes as 
functions of time. Absolute numbers are difficult to obtain with any precision. 
Furthermore, the use of these equations as they stand to test the theory would 
involve the relatively accurate determinations of the constants a, b and c. A 
simpler way of testing the theory exists in terms of ratios of phenotypes. It will 


be remembered that the test plates yield data on the ratio of A to U, and this “ 


may be obtained directly from equations (3) and (4). To facilitate computa- 
tions, equation (4) may be simplified without destroying its usefulness in testing 
the validity of the selection theory. By using the methods described above, the 
constant a was found to have a value of 2.1, whereas c under the same conditions 
was only 0.1. The constant c may therefore be neglected in comparison with a 
in equation (4) since they both appear always additively. On the same numeri- 
cal basis A, may also be ignored. 

These simplifications are ones that do not involve the linearity of the final 
relation to be tested while contributing to the ease of the mathematical manipula- 
tion. Equation (4) thus becomes 


(5) Ao2vue— use 
a a 


Dividing the equation (5) by (3) and again neglecting c in comparison with a, 
we find 


(6) 4.2 


U a oo 


Equation (6) may be put into a more convenient linear form by dividing by 


b 
;» transposing and taking logarithms of both sides. We thus obtain 


g wom [441] 


The theory then predicts a linear relation between time and the function of i" 
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represented on the right-hand side of equation (7). It must be pointed out that 
the linearity of this relation is independent of the accuracy of the values obtained 
for the constants a and b since they remain the same throughout the experiment. 
In point of fact, as far as testing the theory is concerned, any arbitrary number 


may be substituted for the ratio .- The only requirements imposed on these 
numbers is that a be assumed finite and b taken as greater than zero. For purposes 


of calculations a value of 200 was taken for b? since several estimates of b gave 
values lying between 0.005 to .01. 


EXPERIMENTAL RESULTS 


The following typical experiment was performed to test the validity of rela- 


tion (7) in describing the time-variation of ‘ for a Db23B culture growing on 
a galactose medium. A two-day-old culture growing in the normal glucose broth 
medium was centrifuged down and washed twice with M/15 KH»oPO, under 
sterile conditions. The washed cells were then inoculated into the basic broth 
medium containing 8 per cent purified galactose as the sole carbohydrate source. 
The flask containing the culture was then suspended in a water bath at 30.2° C. 
and shaken continuously during the experiment. Samples were withdrawn at 
intervals and diluted with chilled galactose broth to contain approximately 5,000 
cells per cc. This diluted suspension was used to prepare 5 galactose-agar test 
plates, approximately 0.1 cc. being used for each plate. After a suitable incuba- 


tion period the ratio ‘ was determined from these test plates and the average 
value taken. The results are tabulated in table 1 in which are also calculated the 


values of the function of ; to be tested. Figure 1 represents the plot of log 


[(¢) 4. + 1] against time. It is clear from the figure that the data do 


satisfy the linear relation required by the natural selection hypothesis. 


TABLE I 


DATA EXAMINING THE VARIATION OF A/U WITH TIME IN A GROWING HAPLOID 
POPULATION TO SEE WHETHER IT SATISFIES THE RELATION PREDICTED 
BY THE SELECTION THEORY 


(A represents the number of fermenters present, U the number of non-fermenters. The ratio 
a/b is taken as 200.) 








Strain A/U log| (#) a + 1} 








1,301 
1.613 
1.920 
2.700 
3.080 
4.211 
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Fig. 1. A plot of data from table 1 to see how closely the time 
variation of phenotype ratios, obtained with a growing haploid 
population, satisfies the linear relation predicted by the selection 
theory. 


For comparative purposes an attempt was made to see how well data obtained 
with strain LK2G12 would fit the theoretical relation deduced from the selection 
theory. The test plates could not, however, be used to obtain the necessary data, 
since they measure the ability of acquiring the fermentative enzymatic apparatus, 
and it has already been shown (see (1) ) that populations of this strain are 
homogeneously positive. The reason for this, of course, exists in the fact that 
the incubation time (36-48 hours) necessary before the plates can be read by far 
exceeds the pre-adaptive lag period of the cells of this strain. The following 
method was used, however, to obtain comparable data. The maximum enzyme 
activity for this strain under the conditions of the experiment was measured and 
found to be 165. This number represents the QNo, value, i. ¢., cu. mm. of COs 
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liberated per hour per mg. of dry weight of tissue at normal temperature and 
pressure. This maximal value of 165 is presumably obtained when all the cells of 
the population are adapted. If the enzymatic activity of a suspension is less than 
maximal, it may be assumed, for the purposes of the present discussion, to be due 
to the fact that unadapted cells form some fraction of the population being tested, 
Under these conditions we may then take the Q&o, value measured at any time 
t as proportional to A, the number of adapted cells present, whereas the difference 
(165 — Q&o,) may be assumed proportional to U, the number of unadapted 


present. Following this reasoning then we may write 
. 
U = (165 — QEo,) 


To obtain the necessary data the following experiment was performed: a 
two-day glucose-grown culture of LK2G12 was centrifuged and washed twice 
in M/15 KH2PO, under sterile conditions. The washed cells were inoculated into 
basic broth medium containing 8 per cent galactose as the sole source of carbo- 
hydrate. The flask containing the culture was shaken continuously during the 
experiment in a bath at 30.2° C. Samples were removed at intervals and placed 
in Warburg manometers to determine the rate of CO. evolution in an atmosphere 
of nitrogen. A 20-minute run after equilibration was sufficient to determine the 
QB, value. Aliquots were taken at the same time for dry-weight determina- 
tions. The results of such an experiment, as well as the calculations of the 
requisite functions from the data, are summarized in table n. 


TABLE II 
DATA EXAMINING THE VARIATION OF A/U WITH TIME IN A DIPLOID POPULATION 
(Consult text for method of calculation of A/U.) 








Qho, A/U log [ ($) 5 + 1] 


0.01 0.00 0.000 
0.03 0.00 0.000 
2.10 0.01 0.401 
45.00 0.30 1.803 




















Figure 2 represents a plot of these data similar to the one made for the data 
obtained with strain Db23B. ‘The theoretical curve, based on the Db23B data, 
is plotted on the same graph for purposes of comparison since the time scales in 
the two experiments were necessarily different. It is evident that the kinetics of 
the appearance of enzymatic activity in a LK2G12 population does not fit a 
natural selection mechanism. 

One other kind of experiment can be performed on a growing culture to check 
the applicability of the natural selection hypothesis, viz. the type performed by 
Sohngen and Coolhaas (’24). If this mechanism is operating in producing the 
change in the enzymatic level, the activity of a culture measured during the 
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Fig. 2. A plot of data from table m to see how well data on the time varia- 

tion of phenotype ratios, obtained from a diploid culture, agrees with the linear 

relation predicted by the selection theory. 
growth phase should increase in direct proportion to the number of new cells 
arising during the period of growth. Thus a plot of enzyme activity against cell 
number should yield a straight line. It is, however, not necessary to grow the 
culture at one temperature and test enzyme activity at another as was done by 
Sohngen and Coolhaas. The Warburg manometric technique is sufficiently sensi- 
tive to yield Q&o, of adequate accuracy by a 15-20-minute run. This period is 
too short for any marked change to occur in cell count, especially since the cells 
are under anaerobic conditions. This technique was apparently not available to 
the above workers, for they used a much cruder aerobic technique. 

The following experiment was performed to test whether the increase in 
enzyme activity observed with growing cultures of Db23B could be accounted 
for on the basis of the new cells arising during the experimental period. A 2-day 
glucose-grown culture of Db23B was centrifuged down and washed once in M/15 
KH2PO,. The washed cells were then resuspended in the basic broth containing 
8 per cent of purified galactose as the sole carbohydrate source. The density of 
the initial suspension was adjusted to contain 15 cells per 16 small squares. This 
corresponds to 40,000 cells/mm*. In practice, the cells were counted in the large 
squares, each of which was composed of 16 small squares. The data were recorded 
in terms of number of cells per large square. 

The flask was shaken in a bath at 30.2° C. during the experiment. Samples 
were withdrawn at intervals for cell counts, and measurements were taken of 
enzyme activity in terms of cu. mm. of COs liberated per 10-minute period per 
2 cc. of suspension under anaerobic conditions. Cell counts were always made at 
the beginning and end of the manometric determinations and in all cases remained 
the same within the limits of the measurement. 
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The data obtained with Db23B are summarized in table m. Each value for 
the rate of CO, evolution represents the average over three 10-minute periods or 
four 5-minute periods. The latter was used in the last three measurements because 
of increased activity. Each figure in the column giving the number of cells per 
large square represents the average value obtained by counting 10 such squares in 


each sample. 


TABLE Ill 


EXAMINATION OF DEPENDENCE OF GALACTOZYMASE ACTIVITY ON INCREASE IN 
CELL NUMBER IN HAPLOID (Db23B) AND DIPLOID (812) POPULATIONS 








No. of cells 
per square 


mm. 


CO: evolved per 


10 min. /2 cc. 





5 





15.7 
18.1 
21.0 
23.8 
26.3 
28.8 
30.1 


16.6 
15.8 
17.0 
16.9 
17.3 








0.03 
17.1 
16.0 
29.1 
34.0 
47.2 
50.2 


0.2 
4.0 
23.5 
50.0 
70.0 





At the same time, for purposes of comparison, a similar experiment was per- 
formed with strain 812, which has an adaptation period of two hours and is 
phenotypically homogeneous. In the case of 812, however, the washed cells were 
resuspended in M/15 KH2PO, containing 8 per cent galactose rather than broth. 
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Fig. 3. A comparison of the dependence of galactozymase activity on in- 
crease in cell numbers in a haploid (Db23B) and a diploid (812) yeast strain. 
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This was done to minimize cell division in this experiment and thus accentuate the 
difference in the mechanisms used by these two strains to attain the change in 
galactozymase activity. All other experimental conditions were exactly as those 
imposed in the experiments with Db23B. The data for strain 812 are also re- 
corded in table m. Figure 3 illustrates the type of dependence obtained between 
cell numbers and increase in enzyme activity. It is strikingly apparent that 
populations of the haploid strain, Db23B, increase their enzyme activity by virtue 
of the new cells arising during the experimental period. On the other hand, the 
measured activity of the 812 population was, in the period examined, virtually 
independent of cell number. This strain was able to increase its activity from 
zero to an activity level of 70 while maintaining its population at the same density. 


DISCUSSION 


The examinations of the variation of the two phenotypes with time in grow- 
ing cultures of the haploid strain, as well as the dependence of enzyme activity 
on increases in cell number, lead to the conclusion that the appearance and increase 
of galactozymase activity in cultures of Db23B involve natural selection. Com- 
parison with similar data obtained with the two diploid strains, both of which can 
adapt without cell division, further strengthens this conclusion. The data pre- 
sented here on growing populations agree with the results obtained (1) on 
stationary cultures of the haploid strain. 

From these results it is clear that the contradiction noted between the results 
of Stephenson and Yudkin (36) and those of earlier workers is only an apparent 
one and is probably due to the differences in the genetic background and pheno- 
typic constitution of the strains employed. 

More generally, the conclusion may be drawn that it is impossible to decide, 
as some previous authors have tried to do, between the “natural selection” hypoth- 
esis and one of “direct cytoplasmic interaction” as the explanation for the pro- 
duction of a particular adaptive enzyme. The existence of one mechanism does 
not necessarily exclude the other from effecting the production of the same 
enzyme, as is well illustrated by the nature of the adaptation of galactose fermen- 
tation by the haploid and two diploid strains examined. 

These experiments then emphasize the important point that the particular 
biological mechanism involved in the production of a given enzyme or enzyme 
system in a population of cells is a characteristic of the strain being examined 
rather than of the enzyme system itself. It is thus meaningless to ask and im- 
possible to answer the question of mechanisms of enzymatic adaptation without 
referring to the genetic background and stability of the population studied. 

The results with Db23B further emphasize the necessity of eliminating natural 
selection in any experiments the purpose of which is the detailed investigation of 
the biochemistry of the adaptive process itself. In this strain the rate of increase 
in measurable enzymatic activity depends not only on the synthesis of the requisite 
enzymatic systems but also on the rate of cell division. Any procedure which 








[Vor. 31 
232 ANNALS OF THE MISSOURI BOTANICAL GARDEN 


interferes with the physiology of the latter process necessarily will affect the 
amount of enzyme measured. For investigations into enzyme synthesis strains 
should be used which possess (1) a genome which permits the synthesis of the 
enzyme being studied, and (2) the genetic stability to insure reproducibility of 
the physiological characteristics of the populations. 

The two diploid strains, 812 and LK2G12, both satisfy these requirements 
and have been used to examine the conditions leading to the synthesis of the 


galactozymase system and the nature of the preadaptive period. These results 
will be discussed elsewhere. 


SUMMARY AND CONCLUSIONS 


(1). Data are presented on the kinetics of the replacement of a phenotype 
incapable of fermenting galactose by one that can acquire the property in gen- 
etically unstable haploid populations growing on galactose broth. The nature of 
the time-variation of the ratio of the two types is shown to fit a relation deduced 
from a selection theory. 


(2). This was compared with comparable data on a diploid strain which did 
not obey the predicted relation. 


(3). The kinetics of the increase in enzyme activity of the haploid popula- 
tions was studied and shown to depend on the number of new cells which arose. 
A similar study on a diploid strain showed that increase in enzyme activity could 
take place in the absence of cell division. 


(4). The general significance of these results for the problems of enzymatic 


synthesis and the induction of new physiological properties in populations of cells 
is discussed. 
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